Late stages of stellar evolution are characterized by copious mass-loss events whose signature is the formation of circumstellar envelopes (CSE). Planck multi-frequency measurements have provided relevant information on a sample of Galactic planetary nebulae (PNe) in this important and relatively unexplored observational band between 30 and 857 GHz. Planck enables the assembly of comprehensive PNe spectral energy distributions (SEDs) from radio through to far-infrared frequencies. Modelling of the derived SEDs provides us with information on physical properties of CSEs and the mass content of both main components: ionized gas, traced by the free-free emission at cm-mm waves; and thermal dust, traced by the millimetre and far-IR emission. In particular, the amount of ionized gas and dust has been derived here. Such quantities have also been estimated for the very young PN CRL 618, where the strong variability observed in its radio and millimetre emission has previously prevented the construction of its SED. A morphological study of the Helix Nebula has also been performed. Planck maps reveal, for the first time, the spatial distribution of the dust inside the envelope, allowing us to identify different components, the most interesting of which is a very extended component (up to 1 pc) that may be related to a region where the slow expanding envelope is interacting with the surrounding interstellar medium. Moreover, in this object, thermal dust and H 2 emission appear to be spatially correlated, providing hints of H 2 formation on dust grain surfaces.
Introduction
The final phases of low to intermediate mass stars are characterized by periods of high mass loss that lead to the formation of dense circumstellar envelopes (CSEs), where physical conditions are ideal for dust to condense (during the Asymptotic Giant Branch, or AGB phase). Such envelopes can be very massive and, in some cases, the central object can be completely optically obscured. Eventually the mass loss stops and the central star becomes visible as the dusty shell disperses (this is the proto-planetary nebula, or PPN phase). During the successive evolutionary phases, the central star moves towards higher temperatures and, once the stellar temperature is high enough to ⋆ Corresponding author: grazia.umana@oact.inaf.it ionize the surrounding medium, the object becomes a planetary nebula (PN) (Kwok 2008) .
PNe are usually surrounded by a dusty envelope that is a remnant of the previous evolutionary phases and is partly ionized by the UV radiation from the central star. The material surrounding the central object consequently has quite a complex distribution, consisting of concentric shells. In these shells the level of ionization decreases with the distance to the central star: highly ionized species are close to the star, while the outer part of the nebula is characterized by molecules and dust. This characteristic circumstellar environment implies the presence of two important components in the spectral energy distribution (SED) of a typical PN, whose major contributions fall in the spectral range from the far-IR to the radio region. The ionized fraction of the CSE can be traced by its free-free emission, which makes PNe bright Galactic radio sources, with some of them reaching flux densities up to few Jansky. Dust thermally re-radiates the absorbed stellar light, showing a clear signature in the far-infrared (far-IR) spectrum, i.e., an IR excess with peculiar IRAS colours. Such a contribution is typically of the order of 40 % of the total flux from a PN (Zhang & Kwok 1991) , and is larger in young PNe, since in more evolved PNe the circumstellar material has already dispersed.
PNe and their progenitors are considered to be among the major sources of recycled material into the ISM and for this reason, they are regarded as key objects for studing the chemical evolution of the Galaxy. Before being released into the ISM, significant processing of the material contained in the PN envelopes is expected. Gas and dust are exposed to a very harsh environment: shocks will occur when the fast outflows developing at the beginning of the PN phase overtake the slow expanding AGB envelope, and the UV radiation field radiated by the central star could be very intense, with consequences on the ionization/recombination equilibrium of the gas and on the dusty/molecular content of the envelope (Hora et al. 2009 ). It is therefore very important to establish not only how much of this processed material is returned to the ISM after the nebula disperses, but also its general properties and dominant chemistry.
The aim of this work is to derive the physical characteristics of a sample of Galactic PNe, taking advantage of the unique frequency coverage provided by the Planck 1 measurements, which trace both the ionized and the dust components. We model the SEDs with particular attention to the continuum from the mid-IR to the radio. Results from such modelling will be used to derive important parameters of PN envelopes, i.e., the total mass, the ionized fraction and the properties of the dust component. In some cases, hints on the extended morphology of PN envelopes can be derived from a direct inspection of the Planck maps.
As a starting point, we have compiled a master catalogue of Galactic PNe for which pre-existing 30 GHz and/or 43 GHz measurements are available. Our catalogue, based on single-dish measurements from the Torun (30 GHz, Pazderska et al. 2009) and Noto (43 GHz, Umana et al. 2008a ) surveys, consists of 119 PNe, and covers a large parameter space in terms of location with respect to the Galactic plane, distance, and evolutionary stage. Typical numbers for the surveys are a FWHM for the beam of 72 ′′ and an rms noise of 5 mJy for the One Centimetre Receiver Array-prototype (OCRA-p) observations, and a FWHM for the beam of 52 ′′ and rms noise of 70 mJy for the Noto telescope survey. This paper is organized as follows. Observations, consisting of Planck and ancillary data, are presented in Sect. 2, while the methods to extract fluxes and results are described in Sect. 3. The adopted SED modelling and derived physical properties of the detected targets are illustrated in Sect. 4, while Sects. 5 and 6 focus on two targets, namely CLR 618 and NGC 7293 (the Helix Nebula, Helix hereafter), whose characterization appear to be particularly interesting. Section 7 concludes. 1 Planck is a project of the European Space Agency -ESA -with instruments provided by two scientific Consortia funded by ESA member states (in particular the lead countries: France and Italy) with contributions from NASA (USA), and telescope reflectors provided in a collaboration between ESA and a scientific Consortium led and funded by Denmark.
Observations

Planck data
Planck (Tauber et al. 2010; Planck Collaboration I 2011) is the third generation space mission to measure the anisotropy of the cosmic microwave background (CMB). It observes the sky in nine frequency bands covering 30-857 GHz with high sensitivity and angular resolution from 31 ′ to 5 ′ . The Low Frequency Instrument LFI; Bersanelli et al. 2010; Mennella et al. 2011) 100, 143, 217, 353, 545, and 857 GHz bands with bolometers cooled to 0.1 K. Polarization is measured in all but the highest two bands (Leahy et al. 2010; Rosset et al. 2010) . A combination of radiative cooling and three mechanical coolers produces the temperatures needed for the detectors and optics (Planck Collaboration II 2011) . Two data processing centres (DPCs) check and calibrate the data and make maps of the sky (Planck HFI Core Team 2011b; Zacchei et al. 2011) . The sensitivity, angular resolution, and frequency coverage of Planck make it a powerful instrument for Galactic and extragalactic astrophysics as well as cosmology. Early astrophysics results are given in Planck Collaboration VIII-XXVI 2011, based on data taken between 13 August 2009 and 7 June 2010. Intermediate astrophysics results are now being presented in a series of papers based on data taken between 13 August 2009 and 27 November 2010.
For this work we use the Planck catalogue of compact sources (PCCS; Planck Collaboration XXVIII 2013) and the Planck maps from the 2013 distribution of released products (Planck Collaboration I 2013). Both products are based on data acquired during the "nominal" operations period from 13 August 2009 to 27 November 2010, and are available from the Planck Legacy Archive 2 . For the Planck maps we use here, the CMB thermodynamic units were converted to Rayleigh-Jeans brightness temperature units using the standard conversion factors described by Planck Collaboration I (2013). Some contamination due to CO emission is expected in the 100, 217, and, at a lower level, 353 GHz Planck channels (Planck HFI Core Team 2011b), although this was not taken into account in the following analysis. However, if some degree of CO contamination is present in our data, it is likely to amount only to a tiny fraction of the measured flux densities. In fact, as can be seen in the following analysis, in most cases the data points at each frequency are in very good agreement with the model and with the ancillary data, which only treat the continuum emission.
Ancillary Data
To complete the SED for each of our selected targets, radio data from the literature (references reported in Table 1 ), as well as data from most infrared and radio all-sky surveys, such as the catalogues from the WMAP7-year data release (Gold et al. 2011) , IRAS (Helou & Walker 1988) , MSX (Egan et al. 2003) , Akari (Murakami et al. 2007) , and WISE (Wright et al. 2010) , have been collated.
The uncertainty estimates taken from the catalogues are of the order of 10 % for IRAS, 5 % for MSX, 10 % for Akari and 3 % for WISE, while for targeted observations we refer to the original papers. For one source, the Helix, we have also used 3, 8, 12, 15, 16, 17, 19, 21, 22, 29, 30, 34, 40, 45, 47 50, 54 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 16, 17, 18, 19, 21, 22, 23 26, 29, 30, 32, 33, 34, 35, 38, 39, 48, 50, 54, 55, 56 NGC 7293 a 036.161−57.118 0.8 ±0.1 1.0±0.2 0.88±0.15 1.6 ±0.5 1.6 ±0.5 3.4 ±0.6 10 ±1 26 ±3 73 ±9 2, 3, 6, 7, 16, 17, 18, 19, 23, 29, 52 NGC 7009 2, 3, 6, 8, 9, 16, 17, 21, 26, 29, 30, 41, 45, 47, 50, 51 54, 55, 57, 59 NGC 6853 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 13, 16, 17, 18, 20, 23 1, 2, 5, 6, 7, 8, 9, 10, 14, 16, 18, 20, 21, 32, 33, 38, 39 48, 50, 55, 60 NGC 6826 6, 8, 10, 12, 16, 17, 21, 33, 38, 39, 48, 50, 55, 60 NGC 7027 084.930−03.496 5.0 ±0.9 4.7±0.6 4.9 ±0.2 4.4 ±0.1 4.25±0.06 4.3 ±0. 1 5.4 ±0.3 6.3 ±0.7 . . . 13, 24, 25, 27, 28, 31, 36, 42, 43, 44, 46, 56 2, 4, 6, 7, 8, 16, 17, 21, 22, 27, 38, 39, 47, 48, 49, 50 53, 55, 60 . . . . . . 2, 3, 4, 6, 7, 8, 9, 10, 11, 13, 15, 16, 17, 19, 21, 22, 30 35, 37, 42, 45, 50, 54, 55, 56, 58, 59 NGC 3242 261.051+32.050 0. , 3, 4, 6, 8, 9, 10, 11, 12, 13, 16, 17, 21, 22, 29, 35 37, 45, 50, 51, 54, 55, 56, 59 a Helix Nebula References: (1) Davies et al. 1965 ; (2) 1967; (7) Hughes 1967; (8) Thompson et al. 1967 ; (9) 
Building the spectral energy distribution (SED)
Compact sources reported in the PCCS were detected in each frequency channel map using a detection pipeline based on the Mexican Hat Wavelet 2 (MHW2) algorithm López-Caniego et al. 2006) . Two independent implementations of the the MHW2 algorithm have been used by the LFI and HFI DPCs. More details on the PCCS can be found in Planck Collaboration XXVIII (2013). In order to build the SEDs of the PNe in our sample, the PCCS was queried with a searching radius of 30 ′ around each PN position as reported in our master catalogue. We assume a positional coincidence if a Planck source is found within the Planck beam (θ beam ), where θ beam is function of the channel's frequency.
The PCCS provides multiple estimates of the flux density for each source. In our analysis we use the Detection pipeline photometry (DETFLUX), which assumes that the sources are 3 http://irsa.ipac.caltech.edu/data/IRIS/ point-like. As previously described, a typical PNe SED consists of two main components, the free-free emission from ionized gas and thermal emission from dust, even though an extra contribution (sametimes called anomalous microwave emission) has been claimed (Casassus et al. 2007 ). In the case of the LFI channels we expect the emission from PNe to arise essentially from the ionized gas (free-free emission). The dimensions of the associated radio emission are independently known and the PNe can be quite confidently considered as point sources compared to θ beam . In the case of the HFI channels, because of the lack of knowledge of the extension of the dusty CSEs around our sources, and because of the smaller size of θ beam at such frequencies, we perform a posteriori visual inspection of the environment of each detected source in the corresponding Planck map to ensure that the assumption of being point-like holds, and also to evaluate the influence of any confusion from diffuse emission not related to the target source.
In the case of the Helix, which in the Planck maps appears to be quite extended, we prefer to perform non-blind aperture photometry directly on the Planck maps, assuming an aperture with a radius (R a ) of
where Ω is the angular size of the Helix, assumed to be 13. ′ 4 (O' Dell et al. 2004) , and the FWHM at each frequency is the average width as given in Planck HFI Core Team (2011b) and Zacchei et al. (2011) . The local background and the uncertainty on the aperture flux are estimated in an annulus with a width of R ext = 2R a just outside the aperture. The noise in the map is estimated from the variance in the outer annulus. Uncertainties in the flux estimation are calculated using the sum in quadrature of the rms of the values in the background annulus plus the absolute calibration uncertainties on each map (Planck Collaboration I 2011) .
By definition, all the PCCS detections have S/N ≥ 4. However, to be sure of the robustness of our detections, we consider only sources detected in at least three different channels. Because of the specific scientific aim of this paper namely to build and to model the SED in order to obtain insight on the ionized gas and dust components, we impose the further constraint that sources must be detected by both LFI and HFI. Sources PN M1−78, PN A66 77, PP 40 and NGC 2579, which satisfy the above criteria, were removed from the original sample, since they have been misclassified; they are actually compact H ii regions (Kohoutek 2001) . The thermal dust emission of the PN NGC 6720, the famous Ring Nebula (M 57), was clearly detected in all the HFI channels, except at 100 GHz. However, due to the low flux level of the free-free emission, it was not detected by LFI. The source, even if it does not meet the above selection criteria, was nevertheless kept in the sample because of the many ancillary radio data points available from the literature that allow the free-free component to be well defined. Our final sample consists of 13 PNe.
Planck flux densities (DETFLUX), as extracted from the PCCS, are reported in Table 1 , with their associated uncertainties (1 σ). For all the detected sources the DETFLUX flux densities are in good agreement with each other and with ancillary observations.
Fig. 2.
Planck maps of NGC 6369. An extended structure, marked by the arrows, appears to surround the PN, mostly visible in the HFI channels. This may constitute a hint for the presence of a dusty halo. However, the central component is well detected in several channels, allowing us to calculate its flux. The average FWHM of the effective beam is shown in the bottom-left corner of each map.
From Table 1 it is evident that for several sources we do not have detections in all of the Planck channels. This is attributable to a combination of two main effects: PNe are intrinsically weak compared to the sensitivity level of Planck; and they are located preferentially at low Galactic latitudes, where confusion due to diffuse free-free emission and dust prevents accurate photometry. For example, based on the radio flux densities reported in Umana et al. (2008a) and in Pazderska et al. (2009) , there are five sources, namely NGC 6302, PN H1−12, NGC 6537, PN M1−51, and NGC 1514, which should have been detected with high S/N, but have only been detected in one or two channels, these possibly being spurious detections. Among them, four are located very close to the Galactic plane, with strong contamination of both diffuse ionized gas and dust. To investigate the missing detection for NGC 1514, which should have a flux of about 900 mJy and is located at high Galactic latitude (b = 15
• ), a direct inspection of the Planck maps was performed. This revealed that the central PN is embedded in a very extended dusty structure preventing a flux measurement (see Fig. 1 ).
In other cases there are hints of extended dusty halos around the central PN in the higher-frequency Planck maps (see Fig. 2 and Fig. 3 ), which, however, are still very well detected in several Planck channels, allowing us to accurately measure fluxes. Usually, the effect of such extended emission is to reduce the S/N. However, in extreme cases, the related flux measurement is disregarded, because from direct inspection of the corresponding Planck map there is strong confusion due to diffuse emission that is not related to the target. As an example, in the case of NGC 6369 the nearby IR structure (see Fig. 2 ) strongly contaminates the source photometry at ν 300 GHz.
To further test the reliability of the Planck data we use the well-known PN NGC 7027, whose radio flux density evolution has been studied by Zijlstra et al. (2008) . These authors determined the rate at which the radio flux density is changing, caused by the expansion of the ionized nebula. The Planck measurements of NGC 7027, displayed in Fig. 4 (red squares), are in very good agreement with the radio spectrum provided by Zijlstra et al. (2008) when evolved to the mean epoch of the Planck measurements (points pictured as diamond symbols in Fig. 4 ), and the sub-millimetre and infrared ancillary data (open squares).
Before modelling the SEDs, a colour correction has been applied to account for the finite bandpass at each frequency. Since the correction factors depend on the power law of the spectrum inside the band, for each frequency a spectral index has been computed based on the flux density values reported in Table 1 , relative to the adjacent bands. The colour corrections have then been computed following the procedure described in Planck Collaboration II (2013) and Planck Collaboration VI (2013). This is typically of the order of a few times 0.1 % for LFI channels and up to 7 % for HFI channels, and, as such, it is much lower than the uncertainty associated to the flux density. Only one colour correction iteration was applied. The Planck data points of the selected targets are displayed as red squares in Figs. 4, 5, 6 and 9. 
Physical properties of the source sample
In the spectral range between IR and radio, the SED of a PN is characterized by two components: the thermal emission from dust grains; and the free-free emission from the ionized part of the CSE. Recently, it has been realized that dust in and around ionized regions in PNe can play an important role in the energetic output of PNe, and up-to-date photo-ionization codes now include the effect of the dust ).
We have first tested different radiative transfer codes that work in dusty environments to identify the most appropriate for our scientific aim. One such code is the photo-ionization code CLOUDY (Ferland et al. 1998) . Although a good match is obtained at near-IR wavelengths, in our trials CLOUDY was typically unable to reproduce the long-wavelength spectrum, in particular the optically thick part of the radio continuum, where the spectral slope of the model is typically too steep, implying that radiation transfer is not properly taken into account for the free-free emission. Also, CLOUDY aims at reproducing both continuum and line spectra, therefore UV, optical, and IR spectral data are necessary to constrain its output. Since our goal is to fit only the continuum emission, the use of CLOUDY would introduce unnecessary degrees of freedom in our modelling. Furthermore, those degrees of freedom would be difficult to constrain with a homogeneous set of spectra for our sources: for example, optical spectra for targeted regions within very extended nebulae would certainly not account for the emission from the whole target, which is the case for the other data from IR surveys and single-dish radio telescopes. We thus prefer to model the thermal dust emission with the publicly-available DUSTY code (Ivezic et al. 1999) in combination of our own free-free modelling.
We first model the centimetre continuum radiation with our code for free-free emission (Umana et al. 2008b) used to fit the SED. This has been improved by implementing a minimization procedure consisting of an iterative process where the free-free emission is calculated within a grid of model parameters, with the ranges and steps gradually restricted until the χ 2 stabilizes.
Following the wind-shell model, basic geometry usually adopted in the case of the planetary nebulae (Taylor et al. 1987) , each source has been modelled as a central cavity surrounded by a shell of ionized gas. The source geometry is characterized by the linear diameter and the ratio between the internal and external radii (r int /r out ), where the density distribution of the ionized gas is described by the power law n e (r) ∝ r −α . The radio spectrum has been calculated with the ratio r int /r out , the electron density at r int (n e ) and the electron temperature (T ) as model parameters.
The radius of the free-free source, the distance and the index α describing the spatial distribution of the ionized gas have been set to fixed values to constrain the model. The slope α was set to 2, consistent with a spherical wind in steady-state, with the exception of CRL 618 where it was necessary to vary it to assure a good fit to the observed data (see Table 2 ). The angular diameters of the radio sources have been mainly derived from the NRAO VLA sky survey (NVSS; ). In the case of partially resolved sources, this diameter is related to the actual diameter of the source by a shape factor that accounts for the true structure of the source, and a correction has been applied (following van Hoof 2000) to derive the true source size (Umana et al. 2008a) .
Distances have been generally adopted from Pottasch & Bernard-Salas (2010) , with exceptions being NGC 6572 (Phillips & Márquez-Lugo 2011 ), NGC 6720 (O'Dell et al. 2007 ), NGC 6853 (Stanghellini et al. 2008) , NGC 7009 (Fernández et al. 2004) , and NGC 7027 (Zijlstra et al. 2008 ). The best-fit parameter values are summarized in Table 2 . The total mass of ionized gas has been calculated numerically by integrating the electron density over the entire structure of the radio source. The obtained density and total ionized mass scales with the adopted distance (D) as ∝ D −1/2 and as ∝ D 5/2 respectively.
DUSTY modelling was performed after the best-fit value for the radio emission was obtained. General inputs for DUSTY are: the central object radiation field (assumed to be a Planck function with an appropriate temperature and luminosity); composition and size distribution of the dust grains; and a model for the dusty shell (density distribution, optical thickness at one wavelength, geometrical thickness, and temperature of the grains at the inner radius of the shell). DUSTY assumes spherical symmetry for the dusty envelope. Although such symmetry is not always observed in our targets, DUSTY can still be used to obtain first-order approximations of nebular parameters.
DUSTY allows us to use six different grain types: warm Odeficient silicates (Sil-Ow); cold O-rich silicates (Sil-Oc); astronomical silicates (Sil-DL); graphite (grf-DL); amorphous carbon (am-C); and silicon carbide (SiC-Pg). To assess the dominant mineralogy of the dust in the circumstellar envelope of our targets (i.e., C-rich versus O-rich), we use the direct information on dust features provided by ISO spectra, namely: Cernicharo et al. (2001) for CRL 618; Bernard Salas et al. (2001) for NGC 7027; Bernard- Salas & Tielens (2005) for NGC 6543; Volk (2003) for IC 418; Szczerba et al. (2001) for NGC 6369 and NGC 40; Surendiranath & Pottasch (2008) for NGC 6826; and Phillips et al. (2010) for NGC 7009. In the remaining cases, we use the C/O gas-phase abundance (Liu et al. 2001) , as this is a good indicator of the presence or absence of Carbon-based dust grains (i.e., PAH) in several PNe (Cohen & Barlow 2005) . Furthermore, the choice among different kinds of silicates or Carbon-based grains was based on what provides the best fit to the SED. The standard MRN (Mathis, Rumpl, & Nordsieck 1977) grain size distribution (grain radius a = 0.005-0.26 µm, with a distribution following a −3.5 ) was applied to all sources.
The density distribution was set to depend on r −2 for all sources. Such a distribution follows naturally from the assumption that the circumstellar material was ejected during the AGB phase at a constant mass-loss rate. The only exception is NGC 3242, where a density distribution of r −1.1 was necessary to fit the dust contribution. NGC 3242 is not particularly different from the other targets with respect to the optical morphology, evolution, and position, and therefore it is very difficult to justify a different dust distribution in the model. However in this context, it may be worth pointing out that the presence of a system of concentric rings, whose brightness is higher in the mid-IR than in the optical, located in an extended halo around the source, has been recently reported by Phillips et al. (2009) . Interestingly, the radius of the dusty CSE as derived from our DUSTY modelling (about 80 ′′ ) matches quite well with the reported size of the extended halo (about 75 ′′ ) where the concentric dusty rings are located.
We have observed in NGC 7009 and NGC 6826 that the fit underestimates the near-and mid-IR emission, despite taking into account the free-free emission from our radio model. This may point to the presence of a separate population of hot grains (T dust ≥ 500 K). Very little is known about the spatial distribution of dust in PNe. However, given the variety of shapes of PNe observed in the optical and near-IR, the presence of a hotter population of grains may be linked to the specific distribution of dust, with some warmer regions closer to the central star. It is difficult to estimate the amount of such an extra dust component without adding further free parameters to the DUSTY fit. On the other hand, even if such a warm dust component exists, our simulations indicate that it does not have any effects on the temperature of the cooler dust component traced by the millimetre and far-IR emission. The slope of the SED at large wavelengths is determined by the opacity and the size of the dust shell (i.e., the contribution from colder dust). We produced our models taking into account the necessity to properly fit the Planck data and imposing that the outer temperature of the dust shell must match a mean ISM temperature of 10-20 K.
DUSTY treats the problem of radiation transfer independently from the distance to the star by taking advantage of the scaling properties of the radiative transfer equation (Ivezic & Elitzur 1997) . This implies that its output must be scaled to the actual data. We calculated the scaling factor taking into account the estimates of distance and luminosity available in the literature (Goodrich 1991; Sabbadin et al. 2004; Prinja et al. 2007; Gruenwald & Aleman 2007; Surendiranath & Pottasch 2008; Zijlstra et al. 2008; Pottasch & Bernard-Salas 2008; Morisset & Georgiev 2009; Pottasch & Bernard-Salas 2010; van Hoof et al. 2010; Monteiro & Falceta-Gonçalves 2011) . Adjustments of both parameters (distance and luminosity) were necessary to match the observational points. From the derived parameters, it is possible to obtain an estimate of the total mass of dust in the shell from the equations derived by Sarkar & Sahai (2006) :
which is valid in the case of an r −2 density distribution and
which is valid for NGC 3242, where the relation ρ ∝ r −1.1 is required to model the observational data. Y = R out /R int is the relative shell thickness, τ 500 is the shell optical depth at 500 µm Table 3 . Source parameters for the DUSTY fit. am-C indicates amorphous carbon (Hanner 1988) , Sil-Ow indicate O-deficient silicates (Ossenkopf et al. 1992) , and Sil-DL are astronomical silicates (Draine & Lee 1984) .
Free Parameters (which is an output parameter from DUSTY) and κ 500 is the dust mass absorption coefficient at 500 µm.
Since the dust behaviour is described by the chosen set of optical constants (Ossenkopf et al. 1992 , Draine & Lee 1984 or Hanner 1988 , we can calculate the dust absorption coefficient directly from these sets. The dust extinction cross section is defined as σ ext = πa 2 Q ext , where a is the grain radius and Q ext the extinction efficiency. At sub-mm wavelengths, scattering can be neglected and the extinction is due to absorption only:
The absorption coefficient per unit volume of dust is defined as
where V is the average volume of a dust grain. Hence
If the complex optical constant m λ = (n λ , k λ ) is known, an approximation of Q abs /a as a function of only λ can be found, such that (Andersen et al. 1999 )
Once κ V is known, we assume typical values of dust grain density ρ g of about 3 g cm −3 for silicate grains and 2 g cm −3 for carbon grains and then calculate the absorption coefficient per unit mass κ M = κ V /ρ g , which for our sets of optical constants gives us values of κ 500 of 0.81, 1.34, 0.98, and 2.07 cm 2 g −1 , as appropriate for the kinds of silicates and carbon dust adopted in our fits, i.e., Sil-Ow (Ossenkopf et al. 1992 ), Sil-DL (Draine & Lee 1984) and am-C (Hanner 1988) respectively.
The relevant parameters of the modelling are summarized in Table 3 , where we report the inner radius, the ratio between the inner radius of the envelope to the radius of the central object (R c ), the central star luminosity, the temperature of the dust at the inner radius, the relative thickness of the envelope, (R out /R int ), the optical depth of the envelope at 0.5 µm (τ V ), the dust composition, and the derived dust mass. The free parameters, given as input of DUSTY, are: T dust ; R out /R int ; and τ V , the other parameters reported in Table 3 are model outputs or fixed parameters. We should stress here that DUSTY does not have a minimization procedure, therefore the best combination of parameters is obtained through an iterative process consisting of different trials until a good match with the measurements is reached. For NGC 6853 we only report values from the free-free modelling, since no reliable IR ancillary data-necessary to constrain the modelling of the dust contribution-were available.
One major caveat of using DUSTY is that the model considers only a central heating source, neglecting a possible contribution due to the external heating by the interstellar radiation field (ISRF). However, DUSTY allows the modelling of the UV field due to the central star at each point of the circumstellar shell. This field, diluted at the outermost part of the shell, is 4-5 orders of magnitude higher than the value of the ISRF, which is assumed to be 1.6 × 10 −3 erg cm −2 s −1 . We thus conclude that the effect of the ISRF is negligible for most of the PNe in our sample. One exception is CRL 618, whose dust mass could be overestimated if the ISRF is excluded, because the optical depth of its shell is very high (see Table 3 ).
Results for the SEDs, considering both thermal dust and ionized gas contributions, are shown in Fig. 4 and Fig. 5 .
Planck measurements have provided good spectral coverage of the PN SEDs, in particular at those frequencies where freefree and thermal dust emission contributions overlap. Some authors (Hoare et al. 1992 ) have investigated the possible presence of cool (∼20 K) dust in the CSEs of PNe. The presence of such a component can be excluded for NGC 6720 and NGC 6543 directly from Planck data, which nicely follow the combination between free-free and thermal dust emission. However, this result can be extended to the whole sample, since in all cases the SEDs can be explained in terms of free-free and warm thermal dust emission only.
For three sources, namely NGC 6369, NGC 7009, and NGC 3242, the high frequency Planck measurements appear to be systematically higher than the ancillary data. However, all the millimetre ancillary data for those sources are from the same study (Casassus et al. 2007) , where 31 GHz and 230 plus 250 GHz fluxes are provided, which may suffer from some effects due to the fact that the dusty envelope is partially resolved. Supporting this conclusion, recent LABOCA/APEX measurements (Cerrigone et al. in prep.) of NGC 7009 and IC 418 are in good agreement with those obtained from Planck.
Finally, one of our sources, NGC 40, appears to have a higher emission with respect to the model at around 70 GHz. With the current data it is difficult to estimate whether this is related to background contamination and/or to an extra contribution (i.e. anomalous emission). It is worthwhile noting that the presence of strong PAH emission has been reported in NGC 40 (Ramos-Larios et al. 2011) , which might be linked to radiation of very small spinning dust grains.
Typical densities and temperatures in the ionized regions are in agreement with those that are generally observed (Buckley & Schneider 1995) . The derived values of total ionized masses are also in agreement with values reported in the literature, which are of the order of a few times 0.01 M ⊙ . Besides the extreme cases of CRL 618 and the Helix, which will be analyzed separately in the following sections, the dust temperatures obtained are in the range 80-200 K (Table 3) , in agreement with previous works. In particular, very close values have been obtained for NGC 40 (Ramos-Larios et al. 2011 ) and for NGC 7009 (Phillips et al. 2010 ) from the analysis of Spitzer data. We also confirm the general evolutionary trend in grain temperature observed by other authors on the basis of IR data (Phillips & Márquez-Lugo 2011) , where more evolved PNe (i.e., NGC 6543 and NGC 6720) display lower values. In general, the inner radius of the dusty envelope appears to be coincident with or located inside the ionized region. This leads to the conclusion that ionized gas and dust spatially coexist in these sources, despite the different physical conditions in which these components are presumed to survive. This points out to the presence of a possible shielding effect, allowing the dust to survive in the harsh environment of the UV radiation field of the central star.
The total dust mass, as derived from our modelling, is in the range of values reported by Gurzadyan (1997) , and, in general, two orders of magnitude smaller than that of the ionized gas mass, but it is distributed in a much more extended spatial region. However, such values of M dust have to be considered as lower limits. The data collected in this paper mainly trace dust at around 100 K while our modelling pointed out in several cases the possible presence of an extra component of warmer dust, whose contribution cannot be estimated from this data set.
The proto planetary nebula (PPN) CRL 618
One of our targets is CRL 618, a PPN that entered the post-AGB stage about 200 years ago and is rapidly evolving towards a PN. It provides a unique opportunity to study the physical processes taking place immediately before the birth of a PN. Multiwavelength, multi-epoch observations (IR, radio, millimetre, and optical) have provided us with a complex picture of the source (Sánchez Contreras 2004), consisting of: 1) a torus-like dusty structure located in the equatorial plane and obscuring the central object; 2) two shock-excited optical lobes, extending in the polar axis of the star; 3) a molecular envelope, composed of the AGB remnant CSE plus a fast bipolar outflow; 4) a compact H ii region close to the central object, indicating the onset of ionization of the envelope.
Although numerous observational and theoretical efforts have been made to understand CRL 618, several interesting puzzles remain. Among them is the free-free emission from the central H ii region, whose variability has been reported by several authors (Kwok & Feldman 1981; Sánchez Contreras & Sahai 2004; Wyrowski et al. 2003) . This somewhat controversial behaviour, implyies that CRL 618 exhibits the activity of a post-AGB wind, which is poorly understood (García-Segura et al. 2005) .
In order to study the evolution of the radio emission, Umana et al. (2014) have recently analyzed multi-frequency radio data obtained in different epochs. These authors concluded that the increase of the radio emission, the derived ionized mass, and the size of the radio nebula are consistent with the hypothesis (Kwok & Bignell 1984) of the expansion of an ionization front caused by an increase in central star temperature and a larger output of UV photons.
In this framework, it is evident how important it is to build the observed SED from almost coeval measurements for this strongly variable source, especially in the millimetre where the strongest variability has been reported . Planck provides for the first time a coverage of the source spectrum in a very poorly explored spectral region, allowing us to derive information on the physical properties of the associated circumstellar envelope without suffering any variability effects.
Assuming that the variability is mainly related to the evolution of the central H ii region, and therefore that it will mostly influence the free-free contribution, we have retrieved from the Karl G. Jansky Very Large Array (VLA) archive the data sets observed as close in time as possible to the nominal Planck mission, defined as 12 August 2009 through 27 November 2010. We found multi-frequency, D-configuration data (Program: CALSUR), obtained in November 2009. Data reduction and imaging were performed by using the software package CASA 3.0.0, following standard procedures. The derived flux density and related rms noise are summarized for each frequency in Table 4 . Sánchez reports strong variability in the millimetre range. Although continuous monitoring of the millimetric flux density would be necessary for a full characterization of its behaviour, the authors concluded that the millimetric light curve is more complicated than a steady monotonic function and consists of a combination of epochs with increasing and decreasing flux. Such variations have a characteristic time scale of the order of 2-3 years ). On the other hand, from Umana et al. (2014) , a steady increase of the flux density is observed between about 1 and 20 GHz over a large temporal baseline spanning more than 20 years. At 15 GHz an increase of around 30 % is observed in 10 years. Therefore, even if the VLA and Planck measurements are not exactly simultaneous, we do not expect any significant variation over the one year time between them. This conclusion is also supported by the agreement between the 43 GHz VLA measurement (Table 4 ) and the 44 GHz Planck measurement (Table 1) .
To model the SED, we followed the same procedure as described in the previous section. The size of the radio source was set by following the results from Umana et al. (2014) , who measured a total extension of 0. ′′ 9. The results of our modelling of both the free-free and thermal dust emission are shown in Fig. 6 , where a clear thermal dust contribution is superimposed on a typical free-free spectrum with a turnover frequency of around 40 GHz. The assumed gradient in the density distribution, necessary to fit the observed data, is consistent with the stellar wind model of Martin-Pintado et al. (1988) , even though the index of the power law describing the density distribution (α = 1.3) indicates we are in the presence of something different from an isotropic canonical stellar-wind (Taylor et al. 1987 ). In the optically thin part of the spectrum, an increasing contribution from thermal dust is evident. This is consistent with results reported by Nakashima et al. (2007) , whose SMA observations pointed out the presence at 690 GHz of an extended component partially resolved by the 1.
′′ 8 synthetic beam of the interferometer and therefore morphologically different from the compact freefree component. All the relevant parameters of the free-free and DUSTY fits are summarized in Table 2 and in Table 3 .
The physical characteristics of the envelope surrounding CRL 618 stand out with respect to those of the other targets. This is consistent with CRL 618 being a very compact (high n e ) young PN (or a PPN), where the ionization has just started (a very small value for M ion ). The compact YPN is still embedded in an extended dusty environment-a remnant of the previous evolutionary stage-containing at least 0.4 M ⊙ of dust. This value of the dust mass in the CSE of CRL 618 is comparable to that derived for the mass of the molecular gas , estimated as 0.7 M ⊙ .
The Helix
Overall picture
NGC 7293, the Helix, is one of the closest (213 pc; Harris et al. 1997 ) bright and evolved PNe. Its central star is well resolved from the surrounding nebula and is already on the white dwarf (WD) cooling track, with a temperature of about 1.1 × 10 5 K. Thanks to its proximity, several authors have studied the Helix in different spectral ranges and at different spatial scales (Speck et al. 2002; O'Dell et al. 2004; Hora et al. 2006) . Together these observations have provided us with a detailed picture of this evolved nebula, revealing both its highly inhomogeneous nature and its overall large-scale structure. The main ring consists of at least two different emission components with a highly structured texture at a separation of about 4.
′ 2-the so-called cometary knots. An outer ring extends up to 25 ′ from the central star. The outer ring/disk is flattened on the side colliding with the ambient Fig. 7 . Planck maps of the Helix (in Galactic coordinates). At each frequency, the corresponding beam (FWHM) is indicated in the bottom-left corner. In addition to the well known structures, associated with the evolved PN, diffuse emission is also present up to one degree from the central object. (2004) . Evidence for extended emission was also reported by Speck et al. (2002) in both H α and FIR, indicating the presence of a large halo consisting of ionized gas and dust.
The Helix was detected in all Planck channels. The LFI channels are dominated by the ionized gas emission, while starting from 100 GHz an increasing contribution from thermal dust emission is evident, with a ring structure very similar to the main-ring observed at optical and infrared wavelengths (Fig. 7) . For comparison, the 60 and 100 µm IRIS maps are also shown in Fig. 8 , where the same overall morphology as observed in the Planck maps is evident. Apart from the well known structures, associated with the evolved PN, diffuse emission is also present up to one degree from the central object. Such structures are ev- Speck et al. (2002) . The direction along which the cuts were performed is indicated in the small inset on the top left (superimposed on the 857 GHz Planck map, in equatorial coordinates). The Planck profiles are compared to the 160 µm profile reported in Speck et al. (2002) (triple dot dashed line).
ident from 100 GHz to 353 GHz and are very probably due to dust. To model the SED of the Helix, we followed the same procedure as described in Sec. 4 for the other sources. Aperture photometry was performed, as described in Sect. 3, on both Planck and IRIS maps. A colour correction was also applied to the Planck fluxes. Only IRIS maps at 60 and 100 µm were considered, as they are free from contamination from line emission (Speck et al. 2002) and should trace only the dust continuum. The size of the radio source was set to 400 ′′ (6. ′ 7), as derived from the cuts performed across the radio source by Rodríguez et al. (2002) . All the relevant parameters of the free-free and DUSTY fits are summarized in Tables 2 and 3 . Encouragingly, our minimizing procedure provides an internal radius of the radio source (about 240 ′′ ) that is in good agreement with Rodríguez et al. (2002) . The results from our modelling of both free-free and thermal dust emission are shown in Fig. 9 , where a clear thermal dust contribution is superimposed on a typical opticallythin free-free spectrum. Planck data agree well with data from the WMAP 7-year catalogue and with the 31 GHz data point from Casassus et al. (2004) . However, the Planck data are fundamental to constrain the free-free and dust contributions, filling for the first time the observational range between 10 and 10 3 GHz where lack of measurements have led to many speculations (Casassus et al. 2004) . As in the case of CRL 618, the physical properties of the Helix, as derived from our fit, stand out with respect to the other targets. This is a consequence of its evolutionary stage, since the Helix is the most evolved PN of the sample; it is very extended (low n e ), almost completely ionized (a high value of M ion ), and embedded in an envelope of mostly low temperature dust.
The morphology of the dust component
Due to the large angular extent on the sky (up to 14 ′ radius) and the angular resolution of Planck at HFI frequencies (down to 5 ′ ), it is possible to attempt a morphological study of the outer structures observed in the Helix directly from the Planck maps.
The dust component of the Helix was already observed in the mid-IR and FIR using ISO and Spitzer (Cox et al. 1998; Speck et al. 2002; Hora et al. 2004 ). One of the major outcomes from such studies was the presence of a very peculiar size distribution of the dust grains, with a lack of small molecular-sized dust particles, which were probably destroyed by the strong radiation field of the central star (Cox et al. 1998) . This has as a consequence that the ISO and IRAC (Fazio et al. 2004 ) maps are mainly tracing the emission from fine-structure atomic lines and from molecular hydrogen (H 2 ). Information on the dust continuum comes only from linear cuts performed in one particular position of the nebula (PA=155
• ), carried out at 90 and 160 µm with ISOPHOT by Speck et al. (2002) , with a spatial resolution (FWHM) of 44. analyze the full spatial distribution of the dust component and to perform a comparative study of the different components coexisting in the nebula (ionized gas, thermal dust, and molecular gas) for a proper modelling of its physics.
We first check if results from Planck maps are consistent with the ISO linear cuts (Speck et al. 2002) . To do this we performed cuts on the 217, 353, 545, and 857 GHz Planck maps across the entire dust nebula at the same position angle (PA) of 155
• east to north, equatorial, as in Speck et al. (2002) . The 217, 353, 545, and 857 GHz profiles are shown in Fig. 10 , together with the 160 µm profile adapted from Speck et al. (2002) . The overall dust distribution agrees well with the ISOPHOT linear • ) and has been chosen in order to include the extended structure. scan, indicating that in both Planck and ISOPHOT profiles there is evidence of low-brightness dust emission out to a distance of about 18
′ from the central star. The lack of emission from the centre reported by Speck et al. (2002) in the 160 µm data, which they interpreted as evidence of a lack of small dust grains, is less evident in the Planck cut at 857 GHz, but this can be ascribed to the lower angular resolution (1.
′ 6 versus about 5 ′ ). Close-ups of the 545 and 857 GHz Planck maps are shown in Fig. 11 . The high-frequency maps have a quite similar morphology, indicating that they are tracing the same dust component. In particular, the 857 GHz image provides more details on the dust distribution, which can be summarized as follows. a) An inner, low-brightness region extending up to 5 ′ . b) A main ring of emission extending up to about 10 ′ from the central object. Here the dust is not uniformly distributed, but it appears more concentrated in the north-east than in the south-west part. c) An extended, low-brightness structure extending up to 20 ′ from the central object in the noth-east part of the neb- Fig. 13 . Left: H ii map of the Helix . Right: the comparison between the H 2 map (contours) and the Planck 857 GHz map. Only the main-ring emission of the dust component has been reproduced. The H 2 map has been smoothed to the angular resolution of the Planck map, indicated in the leftbottom corner.
ula. Such extended structure is also visible at 545 GHz, but merges with the ISM at other frequencies.
All these structures can also be seen in Fig. 12 , which shows cuts of the 217, 353, 545, and 857 GHz maps along PA=235
• , where the minus side of the cuts correspond to the left-hand side of the inset map. While the presence of an inner cavity was already pointed out in ISO observations and interpreted in terms of small dust grains being rapidly destroyed by the strong UV field of the central star (Cox et al. 1998; Speck et al. 2002) , the presence of extended low-brightness structures is a unique result of the present observations. A hint of its presence was pointed out from linear cuts performed with ISOPHOT by Speck et al. (2002) , but only Planck has provided us with the first (even if at low-resolution) mapping of this dusty structure, revealing its axisymmetric morphology, which is more extended towards the northeast. Interestingly, Zhang et al. (2012) recently reported the discovery of a mid-IR halo around the Helix observed with the Wide-field Infrared Survey Explorer (WISE) at 12 µm, whose dimensions and morphology are very similar to those observed in the extended Planck structure. As the mid-IR halo was not detected at 22 µm and marginally detected by WISE at 3.4 µm and 4.6 µm, Zhang et al. (2012) concluded that its emission peaks at 12 µm and attributed the emission to a warm (T dust about 300 K) dust component. However, the more broad emission, observed in the HFI channel, implies that there is also a contribution from colder dust.
It is not possible to directly compare our results from the DUSTY fitting with the morphological information provided by Planck maps. In fact, while there is an overall agreement between the inner radius for dust distribution, the value of the total extension of the dusty CSE provided by DUSTY corresponds to regions where the dust reaches the temperature of the ISM, which is assumed to be 12 K in the modelling. The thermal emission from such cold dust will be very weak at the Planck and IRAS frequencies, which are mainly tracing warmer dust.
It is interesting to analyse how the dust component observed by Planck is morphologically related to the molecular and ionized gas component. To do so, we compare the Planck 857 GHz map to the ground-based near-IR molecular Hydrogen (2.12 µm) image from Hora et al. (2004) and to the radio map at 1.4 GHz from the NVSS. In the H 2 map, the well-known double ring structure is clearly seen (see Fig. 13 ) and is very similar to that observed in the optical image. Before making a direct compari- son of the two maps, we subtracted the very bright emission from field stars in the H 2 image and then convolved it with the Planck beam at 857 GHz. The comparison between the two components is shown in the right-hand panel of Fig. 13 .
The molecular component is spatially confined within the dust component (only the main ring of dust emission has been reproduced in the image). However, we cannot exclude the presence of H 2 beyond the dust emitting region, since at this distance from the central star H 2 is not excited, and therefore, even if present, it cannot be detected (Aleman et al. 2011) .
There is a reasonable coincidence between the H 2 and the dust spatial distributions. The H 2 molecule cannot form in a collision between two free H atoms. One possibility for H 2 formation is that it takes place on the surface of dust grains, which therefore act as catalysts for grain-surface reactions (Osterbrock & Ferland 2006) . Given our angular resolution, we can only say may just that our morphological analysis appears to provide hints for H 2 forming on grain surfaces. It is clear that only new data, acquired with higher angular resolution, will be able to confirm such a hypothesis.
In order to study the morphology of ionized gas, we retrieved a radio image of the Helix at 1.4 GHz from the NVSS web archive 4 . The radio morphology is the same as in Rodríguez et al. (2002) , where there are several point sources in the field that are not related to the nebula, but are probably extragalactic sources. To better determine the relative distributions of each component in the nebula, profiles have been obtained with cuts performed at two set position angles in the radio (NVSS), dust (Planck), and H 2 maps (Fig. 14) . The maps have first been smoothed to the angular resolution of the Planck 857 GHz map. The radio map traces the inner ring, where most of the radio emission comes 4 http://www.cv.nrao.edu/nvss/postage.shtml from, surrounded by both the molecular (H 2 ) and dust (Planck maps) components.
NVSS observations, even though taken at 1.4 GHz with the VLA in its most compact configuration (typical synthesized beam of the order of 45 ′′ ), are not sensitive to structures larger than around 15 ′ . Therefore, in the NVSS map, very extended low-brightness structures, such as those observed in H α and reported by Speck et al. (2002) , might be resolved out. Rodríguez et al. (2002) pointed out that the ionized gas, as traced by the continuum radio observations, is surrounded by H i emission (21cm line) as indicated by the observations carried out with a similar instrumental configuration. The H i distribution well reproduces the typical helical structure of the molecular envelope, with a morphological similarity with the H 2 emission, and is actually delineating the outer parts of the bright ring-like H 2 region. The ring-like structure of the inner ionized gas versus the more extended morphology of the molecular envelope is also supported by the images obtained using ISOCAM with the LW2 filter (centred at 6.9 µm) and the LW3 filter (centred at 15 µm) by Cox et al. (1998) . Again, while the first one traces the H 2 emission and thus delineates the molecular envelope morphology with the classical helical structure, the other one is dominated by the N iii emission and thus traces the ionized gas, clearly showing a more compact, rounder morphology.
Conclusions
The remarkable frequency coverage of Planck has allowed us to collect important data for a small sample of Galactic PNe. These PNe, being among the brightest of such sources, are the best studied in our Galaxy. Nevertheless, a comprehensive picture of their CSEs in both their main components, i.e., ionized gas and dust, has been provided for the first time.
In particular, the evaluation of the emission from ionized gas (free-free) allows us to constrain the thermal dust emission. The modelling of the SEDs provides us with good estimates of the physical parameters of the CSEs. From our modelling, the density, spatial distribution and total mass of ionized gas have been derived, as well as the internal radius, the extent of the dusty envelope and its mass content.
One interesting result is that, in general in the studied targets, dust and ionized gas appear to be partially co-spatial, which implies the existence of some kind of shielding mechanism to allow the dust to form, or at least to survive, in the harsh environment created by the strong UV radiation field of the central object. Such shielding can be provided by a dusty disk or a molecular torus, as pointed out by interferometric observations of young, bi-polar PNe, i.e., CRL 618, or can be in the form of clumps of material, as observed in older objects such as the Helix or NGC 6720. These shielding structures must be very common and may well be debris from material existing before the nebula was formed.
Thanks to the multi-frequency Planck measurements, the SED of the variable source CRL 618 was modelled for the first time, including both ionized gas and thermal dust contributions. This allowed us to derive important physical parameters of the CSE without variability effects.
Finally, in the case of the Helix, Planck maps enable us to perform a morphological study of the extended circumstellar material associated with the evolved PN. The dust emission was fully mapped for the first time and three main components were found, including an extended structure already seen in H α observations, probably related to a region where the slow expanding envelope interacts with the surrounding ISM. A comparison was also performed between the morphology of the dust component as traced by Planck, of the molecular gas traced by H 2 near-IR observations, and of the ionized gas traced by radio (1.4 GHz) observations. While the dust and H 2 share a comparable morphology, providing observational evidence for H 2 formation on grain surfaces, the ionized gas appears more concentrated in the inner ring of the nebula. Now that Planck has robustly determined the large-scale emission of this PN sample over a factor of 30 in wavelength, there is a firm basis within which do carry out detailed followup studies of the higher spatial and spectral resolution properties. In particular, results presented in this paper will provide us with a useful framework within which plane future projects with ALMA, focusing in detailed morphological studies of both ionized and dusty components.
